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ABSTRACT 
.! ·A two-dimensional fluidization experiment is 
performed on fine sand utilizing a 5.98 cm diameter source 
pipe with horizontally opposed orifices. Slurry is 
' 
removed from the fluidized region via a siphon, and the 
system response is monitored through geometry and 
hydraulic head data. Hydraulic head data are obtained by 
using a data acquisition system consisting of 71 pressure 
taps, a pressure transducer, and a digital multimeter. 
The geometry of the equilibr·ium profile of the fluidized· 1 , 
region is monitored at all stages. 
Some of the major results include: (i) confirmation 
of Roberts' (1986) findings that hydraulic head is 
constant in a horizontal plane in the fluidized region, 
and that top width is linearly related to flow rate prior 
'·'\'"'-
to slurry removal, (ii) slurry removal from the fluidized 
region results in a dramatic increase in trench top width, 
(iii) for high post-fluidization flow rates, a threshold 
flow rate exists where berms begin to reform and (iv) 
during slurry removal the hydraulic head in the fluidized 
zone varies linearly with the depth of slurry. 
1 
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1. INTRODUCTIOB · 
Over the past twenty years, fluidization technology 
' 
has been demonstrated as an innovative application of sand 
management in the coastal environment. In this 
1P 
application, water is pumped into a perforated pipe buried 
in the sand. As the water flows out of the perforations 
at a sufficient rate, the sand above the pipe is 
fluidized. Natural river and/or tidal currents can then 
convect the fluidized material away. One such application 
has been implemented at Anna Maria, Florida, where a 
fluidization system was installed in the channel and 
fluidized sand is flushed by the ebb tidal delta. The 
system marked the first full-scale demonstration of 
fluidization as an alternative to dredging (Collins et 
al., 1987)·. 
1.1 Fundamental concepts of Fluidization 
The phenomenon of fluidization can be defined as a 
-flow process in which fluid passing upward through a 
porous media has a vertical velocity that exceeds the 
settling velo~ity of the material, thereby bearing the 
· weight of solid particles in suspension (Amirtharajah, 
1970). Fluidization can be classified according to fluid 
type (gas or'liquid), or the particle distribution 
2 
" 
\ 
-
., I '\., 
J, 
(uniform or graded), or the particle type (single or 
multi-media). The present experiment utilizes water 
flowing upward through a single uniformly distributed 
sand. Furthermore, fluidization can be classified as 
being one-, two-, or three-dimensional. In 
one-dimensional fluidization, also called confined, the 
. 
upflowing liquid passes through solid particles that are 
confined by lateral boundaries. In three-dimensional· 
fluidization, also called unbounded domain, flow emanates 
upward in a domain unbounded in all directions. In 
two-dimensional fluidization, as is used in the present 
. 
study, the flow is unbounded in two principal directions 
and is uniform in the third dimension •. 
Flow through orifices in a source pipe can fluidize a 
two-dimensional region above the source in the media (see 
Figure 1.1). A distinct interface between the fluidized 
and unfluidized region forms. The fluidized region has 
many characteristics of a dense fluid, while the 
unfluidized region has similar characteristics of the 
·original fixed bed. A small amount of leakage occurs 
across the interface into the unfluidized region. As the 
flow rate is increased, sand particles are eroded from the 
fluidized/unfluidized region interface, and the entire 
region widens as shown by the curves in Figure 1.1 
corresponding to Q1 and Q2 •. The eroded sand particles 
3 
.. 
\\ 
. , 
) 
" 
either form berms or remain in suspension within the 
fluidized region (see Figure 1.1). The velocity of the 
jets decrease as they extend farther away from the source 
pipe. The jets carry some particles upward ~long the 
fluidized/unfluidized region interface, ejecting them into 
• the berm, while other .. particles may be lifted and moved 
toward the axis of symmetry, where they encounter a lower 
jet ··velocity. When this velocity is less than the 
) 
settling velocity of the particles, the suspended 
particles will begin to settle. These particles may then 
•.. 
become reentrained as they encounter the high jet velocity 
exiting the source pipe, and they circulate in the 
fluidized zone. The water exits out the top of the 
fluidized zone, flows over the weir and out of the 
fluidization tank. 
To study fluidization for application in the coastal 
environment requires even further classification into five 
related processes. These are shown in Figure 1.2 and 
C, 
described below: 
... 
-~""j·"' 
I •. 
1 •. Pre-fluidization, which is associated with the 
dramatic increase in pressure throughout the media as 
flow rate is increased, but no movement of bed 
material is observed, see Figure 1.2 (a) . 
.L~ .. / 
I 4 
1' 
.. -.·-.--. 
/ 
2. Initiation of fluidization, which is the point of 
maximum pressure in the bed, and a flow rate high 
enough to begin lifting and separating particles in a 
small, limited region above the fluidization pipe, 
often on one side of the source pipe only, see Figure 
• 
1. 2 (b) . 
3. Full fluidization, where the hatched region in Figure 
1.2 (c) is characterized by bed expansion and berm 
formation, at a steady post-fluidization flow rate. 
The region is fairly symmetrical about a vertical 
axis through the source pipe. Equilibrium .. is reached 
when the region no longer expands or ejects material 
into the berm at that flow rate. 
4. Slurry removal from the fluidized region, which 
causes subsequent slumping of side walls to the angle 
of repose of the media, see Figure 1.2 (d). The base 
of the slumped region is at the top of the fluidized 
zone. 
5. Erosion of material by the jets once all the slurry 
., 
has been removed, which governs the final equilibrium 
.. . . . . 
shape, herein designated as the trench, see Figure 
1.2 (e). 
\ 
/ 
• 
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Roberts. (1986) util:ized a two-dimensional experiment 
to focus on the first three stages above. The present 
study is an extension of Roberts work, and concentrates on 
the latter two stages. 
1.2 History of Pluidization • 
The new application of fluidization to sand 
management in the coastal environment varies greatly from 
its traditional role in the fields of sanitary and 
chemical engineering. For sanitary engineers, _ 
~:., 
fluidization can be traced back to the advent of rapid 
sand filtration by Fuller in 1897 (Amirtharajah, 1970). 
Then, fluidization was a critical parameter ,in 
backwashing, which is a flow process to clean rapid sand 
filters used in water treatment. The continuing research 
into fluidization was virtually all empirical in nature 
and directed primarily toward creating rules-of-thumb for 
operation. A classic investigation was conducted by 
Hulbert and Herring in the early 1900's, establishing 50 
.percent bed expansion as an optimum for effective 
backwas·hing of filters (Amirtharajah, 1970). 
In contrast, chemical engineers intensively studied 
fluidization for a variety of processes including: heat 
,. 
transfer, combustion processes, petroleum refining, 
6 
.~ .. .:.· 
r 
) 
\ 
\ 
<f· 
• 
I. 
,. 
" 
'1 
1 
.. ,. 
petrochemical processing, coal conversion, ore roasting, 
., 
coking, aluminum production, and production of a variety 
of other chemical compounds (Wen and Yu, 1966).· The 
Standard Oil Company pioneered research in fluidization 
applied toward these and other catalytic cracking 
processes (Davidson, 1963). 
\ 
The concept of using fluidization to transport sand 
in an estuarine environment is attributed to Hagyard et 
al. (1969). Further research, especially laboratory and 
field tests by Weisman et al. (1980, 1982), concluded that 
fluidization is a technically feasible method for sand 
J 
management in the coastal environment. Yet, they also 
concluded that further experimental examination is needed, 
leading to this study. 
1.3 Objective and Scope 
The experimental apparatus used in this research 
is designed specifically to·study two-dimensional . ·.: 
·fluidization in an unbounded domain. The tank, which 
represents a cross-sectional slice of a hypothetical 
·c.i, 
channel, has dimensions that minimize wall effects such as 
circulation and short circuiting. The fluidization pipe 
consists of horizontally opposed holes as recommended by 
Weisman et al. (1979,1980) to maximize the·width of the 
7 
. ' 
- ' 
.• 
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' 
petrochemical processing, coal conversion, ore roasting, 
coking, aluminum production, and production of a variety 
of other chemical compounds (Wen and Yu, 1966). The 
Standard Oil Company pioneered.research in fluidization 
applied toward these and other catalytic cracking 
i ... 
:processes (Davidson, 1963). 
' ' 
The concept of using fluidization to transport sand 
in an estuarine environment is attributed to Hagyard et 
\ __ 
al. (1969). Further research, especially laboratory and 
field tests by Weisman et al. {1980, 1982), concluded that 
fluidization is a technically feasible method for sand 
management in the coastal environment. Yet, they also 
concluded that further experimental examination is needed, 
leading to this study. 
1.3 Objective and Scopa co 
The experimental appar~tus used in this research 
is designed specifically to study two-dimensional 
·fluidization in an unbounded domain. The tank, which 
represents a cross-sectional slice of a hypothetical 
tJ 
channel, has dimensions that minimize wall effects such as 
circulation and short circuiting. The fluidization pipe 
consists of horizontally opposed holes as recommended by 
Weisman et al. (1979,1980) to maximize the·width of the 
7 
a 
.· 
,. 
fluidized region and to minimize the problems of 
self-burial and pipe clogging. The minor appurtenances, 
such as the outfall chute and the combined head/settling 
tank, provide a self-contained,_ self- regulating hydraulic· 
' 
system. The data acquisition system obtains hydraulic 
• head data and allows for verification of the two-
~ 
" dimensionality of the phenomenon. 
• 
This experimental study is meant to advance the 
fundamental understanding of not only two- and three-
dimensional fluidization, but also the region response to 
slurry removal. Specifically the research is intended to 
provide the following: 
'\ 
1. To provide data for verification of Roberts (1986) 
two-dimensional fluidization study. 
' 
2. To examine the geometry and hydraulic head 
distribution, both pre- and post-slurry removal. 
3. To assess optimum methods of achieving a desired 
channel geometry. 
l 
.,/' l 
' 
4. To compare the post-slurry removal equilibrium 
condition obtained via fluidization to the 
equilibrium regime predicted by jet scoµr theory. 
8 
" 
\ 
I 
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2. LITERATURE RBVIBW .) 
2.1 Fluidization in Bounded Domains 
' 
One-dimensional fluidization results from a well 
' 
• distributed source of upflowing fluid under a bed of 
porous media that is confined by lateral boundaries 
(Weis~an et al., 1988). As the fluid flows upward through 
the bed, it'encounters a resistance to the flow and a 
resultant pressure loss, attributable to viscous and 
inertial effects across the bed. The increase in 
resistance of the particles to an increase in flow rate 
reaches a maximum when the submerged weight of the 
particles is balanced by the upward drag on the particles, 
resulting in suspension of the solids in the fluid. Any 
.further increase in f)ow rate causes the bed to expand, 
yet the pressure drop remains effectively the same. Thus 
the fluidized bed closely resembles that of a liquid. 
Once this phase occurs, the process is quite different 
from the fixed bed processes studied in filtration 
(Amirtharajah, 1970). 
To optimize the efficiency of backwashing, much 
research has been conducted in the past two decades. 
Amirtharajah (1970), Amirtharajah and Cleasby (1972), and 
more recently, Cleasby and Fan (1981), analyze concepts of 
9 
i ... 
I 
... ' 
one-dimensional incipient fluidization and optimization of 
bed expansion in order to effectively clean filter media 
and to avoid partial loss of filter media {Weisman et al., 
1988). As this phenomenon is not an objective of this 
study, the reader is directed to the above references for 
• a technical discussion of fluidization in bounded domains. 
2.2 Fluidization in Unbounded Domain• 
Hagyard et al. (1969) were the first investigators to 
use fluidization as a transport mechanism for sand. They 
performed a laboratory experiment consisting of a clear 
plastic tank, and a fluidization pipe with a downward 
directed jet. Their findings indicated that leakage 
across the fluidized/unfluidized region interface 
decreases rapidly with increasing flow rate. They also 
concluded that the angle the side walls make with a 
vertical line, increases with corresponding increases in 
flow rate (Roberts, 1986). 
Kelley (1977) utilized a small two-dimensional 
qpparitus to study a variety of fluidization pipe hole 
configurations. The goal was to determine which hole 
orientation and spacing, would produce the largest top·,,· 
width in the fluidized region for a given set of 
conditions (sand size, flow rate, burial depth, etc.). 
10 . 
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The fluidization pipe was located under a bed of sand, and 
water was passed upward through 0.238 cm orifices, spaced 
·5.08 cm apart. Kelley concluded that size and shape of 
the fluidized region, and the flow rate required to 
initiate fluidization, are .strongly influenced by hole 
configuration, and by the erosive power of the jets. He 
also found that, for a given flow rate, the widest 
I 
-
fluidized region can be achieved by orienting the holes in 
the horizontal direction along opposing sides of the 
fluidization pipe (Roberts, 1986)0 
Murray and Collins (1978) investigated three-
dimensional fluidization qualitatively. Their laboratory 
experiment utilized a 3.81 cm diameter fluidization pipe 
in a flume with sand at an initial bed depth 15.25 cm 
above the pipe centerline. They were able to achieve a 
50. 8 cm top width, with no apparent ''fluid holes'' or 
"damming", as were mentioned by previous investigators 
{Wilson and Mudie, 1970). Murray and Collins also noted 
the fluidized sand migrated down the slope as a result of 
-gravity flow, with no tendency for the pipe to become 
reburied (Roberts, 1986). 
t 
Weisman and Collins (1979) used the two-dimensional 
apparatus of Kelley (1977), and the three-dimensional 
system of Murray and Collins (1978), to ~tudy the effect 
11 
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of varying the principal system parameters on the 
, relationship between flow per unit length of the source 
pipe, and the geometry of the fluidized zone. 
'· 
Additionally, three methods of slurry removal) were 
analyzed: gravity flow down a sloping pipe, pumping of 
.. 
slurry, and the scouring action of overlying ebb flows. 
,_, ... 
Based upon the data gathered in the experiments 
above, Weisman et al. (1980,1982) conducted a field test 
on a beach near Corsons Inlet, New Jersey. The PVC 
fluidization pipe was 15.2 cm in diameter, and the pump 
was capable of discharging 48.8 lps through 0.316 cm 
diameter orifices spaced 5.08 cm on center along opposing 
sides of the distributor. Experiments were performed 
using two initial bed depths, 30 cm and 38 cm, and two 
pipe configurations, one 12.2 meter long pipe, and two 
parallel 6.1 meter long pipes. 
concluded the following: 
Weisman et al. (1988) 
,. 
1. A distinct relationship exists between flow rate per 
\. 
l:r"f •••• 
unit length and trench width for the material and 
configuration tested. 
2. Sand depth affects the flow rate per unit length 
required to initiate fluidization. 
12 
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3. The smaller the fluidization hole diameter, the 
larger the resulting top width of the fluidized 
region. However, holes must be large enough to 
minimize clogging and maintain proper 
flow rate. 
•· 
4. Slurry removal from the fluidized region resulted 
in a significant expanded channel width as walls 
slumped in and flattened until the angle of repose 
was achieved. 
Roberts (1986) designed a fluidization tank 
specifically for a two-dimensional study. The tank 
included a recirculating hydraulic system, and a PVC 5.08 
cm diameter fluidization pipe with 0.317 cm diameter 
orifices spaced 5.08 cm on center, and are oriented 
horizontally along opposing sides. Tests were performed 
for two initial bed depths, 25.4 cm and 42.0 cm, of very 
fine sand, with no slurry removal. From his tests Roberts 
concluded the following: 
1. For pre-fluidization, the hydraulic head increases 
linearly throughout the bed with increasing flow 
rate. Also the hydraulic head is higher for larger 
initial bed depths. 
13 
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2. A theoretical one-dimensional incipient fluidization 
velocity calculation provides a reasonable 
approximation of the two-dimensional incipient 
conditions. 
t 
3. Hydraulic head in the fluidized region is constant in 
$., 
the horizontal direction at any elevation 
(y-coordinate) for a given flow rate. 
4. Fluidized region widths· (top, middle and bottom) are 
a linear function of flow rate, for the range of 
flows tested. 
5. During post-fluidization, the vertical bed e~ansion 
~~creases non-linearly with increasing flow rate, and 
the average sand concentration in the fluidized 
region decreases with increasing flow rate. 
6. Leakage across the fluidized/unfluidized region 
interface is less than 5 percent of the total flow 
2.3 Associated Fluidization Phenomenon - Jet scour Theory 
• 
As discussed earlier, the shape of the resultant 
trench occurring after slurry removal is governed by the 
14 
IC 
erosive power of the jets an? the angle of repose of the 
. 
sand. The scour due to two- and three-dimensional jets 
impinging on an erodible bed has been studied extensively 
by several investigators for certain geometries. 
• Most of the scour r~search focuses on jets emanating 
at some initial elevation above the original bed level, or 
. I 
focuses on scour due to acceleration of flow around an 
obstruction. Rouse (1940) conducted experiments on scour 
due to two-dimensional jets resulti.ng from flow over a 
two- dimensional overflow structure. Rouse found that 
scour depth is a function of time, mean flow velocity, 
particle settling velocity, and the geometric standard 
deviation, which is the standard deviation for a 
log-normal sand size distribution (Garde and Ranga Raju, 
1985) • 
Rajaratn~m (1982) conducted erosion experiments by 
,, 
submerged circular jets. His studies indicate that the 
·equilibrium depth of scour is a function of the mean flow 
·' 
.velocity, the densities of the fluid and medium, the 
particle diameter, and the difference in elevation between 
the pipe orifices and ·the bed level (Garde and Ranga Raju, 
1985). 
Laursen (1952) performed an experiment using a 
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.. two-dimensional jet of water at the same initial level as 
the sand bed. Laursen observed the development of the 
. ' 
scour hole with time, and found that the scour hole 
geometry essentially remained constant in time (Carstens, 
1966). Further discussion on Laursen's experiment is 
presented in Chapter 6. 
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3. METHOD OF INVESTIGATION 
3.1 overview of the Experimental system 
The experimental system used was designed by Roberts 
• 
(1986) specifically for two-dimensional fluidization. The 
, 
system consists of a fluidization tank, a hydraulic 
system, a head/settling tank, a pressure data acquisition 
-
system, and a slurry removal,. system. The system is 
described in more detail below and is shown in Figures 3.1 
through 3.6. 
The fluidization tank has dimensions 365.76 cm by 
34.29 cm by 121.92 cm and is made primarily of steel (see 
Figure 3.1) except the front panel which is made of 
tempered glass to provide visibility. The back panel is 
removable to allow complete removal of sand and cleaning 
of the tank. 
The hydraulic system consists of a manifold, 
·fluidization pipe and feeder pipe which are all 
predominantly schedule 80 PVC pipe (see Figure 3.2). The 
fluidization pipe is 5.08 cm in diameter and 30.48 cm in 
length and has twelve 0.317 cm orifices. The orifices, 
drilled opposing one another in the horizontal plane, are 
spaced 5.08 cm on center and 2.54 cm from the tank walls 
17 
''II' f t•f 
0 
....... 
(see Figure 3.3). 
An outfall weir transmits outflow from the 
fluidization tank to a combination settling/head tank. The 
tank is compartmentalized via a solid partition with fine 
mesh screening that inhibits the sand from entering the 
pump. This process prevents both pitting of the impeller 
blades and clogging of the pump seals by extremely fine 
sand particles. The settling/head tank is maintained at a 
level that provides the pump with adequate .. positive 
suction head and also provides a benchm~rk to assure that 
the total amount of water in the recirculating system is 
constant, even during slurry removal. 
The- sand is classified as fine and uniform in 
distribution with a mean diameter of 0.15 mm, specific 
gravity of 2.67, and porosity of 39 percent compacted and 
46 percent loose. This sand is consisten~--with material 
found in the coastal environment. For further details on 
the sand size distribution, see Roberts (1986). 
The data acquisition system consists of 143 pressure 
-.. 
taps mounted in the back panel of the fluidization tank 
connected to a single pressure transducer (see Figures 3.4 
\, 
and 3.5). currently, 71 of the 143 taps are monitored 
and provide head distribution data for the experiment. 
18 
Tygon tubing connects the taps to a series of fluid switch 
wafers. These wafers enable selection of any one tap at 
any time, and, because of the steady state nature of the 
fluidization phenomenon, allow for complete pressure data 
collection while using only one transducer. The 
' electrical analog signal is transmitted to a digital 
multimeter, which provides voltage readings in millivolts· 
that can be translated directly to head (see Clifford, 
1989 for calibration of the pressure transducer, and See 
Roberts (1986) for complete specifications on the taps, 
transducer, multimeter and associated power requirements) . 
./ 
The slurry removal system consists of a 0.5 inch 
inside diameter flexible tygon tube siphon and a 35-gallon 
p drum to hold the sand (see Figure 3 •. 6). Inside the drum 
is a 6-inch diameter well screen wrapped with fine mesh to 
allow water but not sand from entering this internal 
·reservoir. During operation, slurry is siphoned through 
the tygon tube and is captured in the outer annulus of the 
drum, while water drains through the well screen to the 
.internal reservoir where it is pumped back to the 
J 
fluidization tank via a submersible pump. The entire drum 
is placed on a weighing scale for measurement of the 
quantity of sand removed. The wet mass of sand is simply 
the final mass recorded minus the initial apparatus mass. 
The dry mass is lhen found by drying the sample and 
19 
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calculating the wet/dry mass ratio (see Appendix A). Once 
a relationship between the wet and dry mass was developed 
(1 kg wet slurry= 0.765 kg dry sand), the dry mass was 
,. 
found using the measured wet mass and the related factor. 
3.2 Test Preparations and Procedures. 
Preparation for each test consists of the following: 
' 
-Mix the bed completely by using jet agitation 
provided via _a hose connected to the laboratory's 
municipal water supply. This mixing provides a more 
t)! 
homogeneous and isotropic sand bed condition. 
-Rod the bed completely to remove entrapped air 
bubbles and provide a more uniformly compacted bed. 
This compaction reduces the porosity and hydraulic 
conductivity of the bed. 
' \ 
., 
-Mark the tempered glass front panel with water 
soluble markers to indicate the initial bed surface 
level and the fluidization pipe location. 
0 
-Adjust the outfall weir to a level above the preset 
water level in the fluidization tank to maintain the 
same reference head in·the water column. 
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-Fill the fluidization and head tanks to their 
predefined levels. These levels are set to assure 
an adequate volume of water for the recirculating 
system and the positive suction head for the pump. 
' 
-Measure the pH of the tank water. Add sodium 
bicarbonate (Naco2 ) as necessary to raise the pH and 
act as a buffer inhibiting corrosion of pressure tap 
valves and the steel structure. 
-Assure that there is adequate water in the column to 
provide a 5 psi backpressure for the fluid wafer 
switches. For further discussion on the wafer 
switches see Roberts (1986). 
-Bleed all 71 pressure taps by switching to each 
individual tap then opening the relief valve at the 
pressure transducer allowing enough time for all air 
to exit line. Insure the pressure transducer has 
not been moved vertically; it should always be set. 
,,, 
in the control box 90.5 cm above the floor. 
. ' 
-Monitor each tap to assure they measure the 
· background static head of 7.53 mv. This measurement 
corresponds to the marked water level in the 
fluidization tank and the pressure transducer set at 
21 
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the predetermined elevation. If any tap is not at 
the correct background value, (i) check for trapped 
air and bleed line again, and (ii) check that the 
input voltage is 115 volts. 
' 
-Clean the fine mesh screen in the head tank and on 
the pump intake. This is critical to avoid excess 
head loss that can cause a reduced flow rate from 
the pump. Routinely clean this mesh during the 
experiment. 
-Prepare the slurry removal system by (i) placing 
35 gallon drum on a scale; (ii) placing the well 
screen and submersible pump in the drum; and (iii) 
attaching one end of the siphon to a rigid pole and 
clamp it to the fluidization tank, while clamping 
the other end to the outer compartment of the 35 
gallon drum. Add a small amount of water to the 
drum in order to return water to the fluidization 
/ 
tank as soon as slurry is removed. Weigh the 
apparatus for future determination of quantity of 
sand removal.·· Do not change the clamp during 
operation as it may affect the weight. Insure the 
siphon is full of water. 
-Have a 1000-ml graduated cylinder and a 2000-ml 
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beaker with stopwatch accessible for volumetric flow 
measurements. 
3.2.1 General Test Procedures: 
't 
-Turn on the pump and open the discharge valve slowly 
' to allow for equilibrium to be established for 
either low pre-fluidization or post-fluidization 
flow rates. 
-Adjust the outfall weir elevation to maintain the 
proper water level (thus mai~taining the background 
static hea~) in the fluidization tank. This 
procedure dictates that the original level in the 
head tank will also be maintained. 
"' 
-Increase the xlow rate in relatively small 
increments to allow hydraulic heads to build in the 
porous medium. This incremental increase also 
insures adjustment to a desired flow rate without 
causing any surges that could occur if the valve 
were opened too rapidly. 
-Periodically clean the pump screen intake to avoid 
excess head loss that can change the flow rate. 
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-Once equilibrium occurs measure the flow rate at the 
outfall weir using the graduated cylinder and 
stopwatch. 
-Scan ·all 71 pressure taps with the switching 
. ~ 
' 
apparatus and record the corresponding millivolt 
(mv) reading for each tap • 
-For some tests, note the incipient fluidization and · 
associated observed1 processes. For post-fluidization 
flows, sketch the fluidized/unfluidized region 
interface on the front panel. Recheck flow rate via 
volumetric measurement . 
~Begin siphoning the slu~ry and start the submersible 
pump that returns water to the fluidization tank. 
Additional water must be added to the system to 
replace the volume of sand removed and to maintain 
proper tank water levels. As slurry removal nears 
completion, add tip to siphon in order to prevent 
siphon from removing sediment in the unfluidized 
·r 
·"' 
region (see Figure 3.5). Also take precautions to 
prevent siphon from deflecting the water jetted from 
the fluidization pipe that could possibly cause 
scour~of the unfluidized region. 
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-For tests involving incremental slurry removal, stop 
the test after approximately one-fourth of the 
slurry mass is removed. After allowing system to 
reach equilibrium, scan and record the pressure data 
as described previously. Repeat removal in quarter 
• increments until all slurry is removed. 
-once slurry is completely removed, let system run 
'.\-
several minutes to assure it is in equilbrium. 
/ 
Again mark the fluidized/unfluidized region 
interface on the front panel, and record the 
pressure readings for all taps. 
-Repeat for several flow rates. At the end of the 
test, transfer all profiles on the glass onto 
tracing paper. 
3.2.2 Jet scour Test Procedure: 
-Follow all test preparations (excepting those 
involved in hydraulic data collection) as previously 
discussed for initial bed depth equal to the 
centerline of the fluidization pipe. 
-Adjust outfall weir to arbitrary level as hydraulic 
head data will not be recorded in these tests. 
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Additionally, any minor changes in head due to 
increase in water column elevation at higher flow 
rates have little or no affect on the observed scour 
/J ' hole for1nation. The water column extends all the 
way from the source pipe to the outfall weir, a 
~ 
greater distance that the previous tests. 
-Turn on pump and adjust the discharge valve to·the 
desired flow rate. 
-Immediatel.y record the time, and sketch the sand 
profile caused by jet scour. 
-Measure the flow rate using graduated cylinder and 
stopwatch. 
-Every three minutes sketch the new jet scour 
' profile, and record any observations relevant to the 
process as necessary. 
-When the profile does not change significantly over 
a five minute period, consider this to be the 
equilibrium condition for this flow rate, and mark 
the final profile on the glass • 
.. 
-At the end of each test transfer the profiles to 
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templates by tracing. 
-Repeat entire test until tests for six independent 
flow rates are achieved. 
3. 3 s11mmary of Tests 
' 
' 
' I 
~· 
An outline of tests is provided in Table 3.1, and 
summarizes the goals of each test in this study. For 
verification of Roberts (1986) data, only Tests 1 and 2 
incorporate both pre- and post-fluidization flow rates. 
The primary goal of the study is to determine the effects 
of slurry removal on the final bed geometry, and is the 
emphasis of eight independent tests. Tests 2 through 9 
all utilize slurry removal for a series of flow rates 
ranging from a low post-fluidization rate of Q = 210 ccs, 
to a relatively high post-fluidization rate of Q = 1190 
ccs. A higher flow rate is not achievable because wall 
effects from the ends of the tank could no longer be 
dismissed as insignificant. The rate of slurry removal is 
varied from one-time continuous removal, to removal in 
five stages, in ord~r to assess if rate of slurry removal 
influences the final equilibrium top width. In addition, 
three different initial bed depths are used. Finally, 
27 
• 
\ 
/ 
Test 10 is primarily a jet scour test to provide data for 
comparison of scour holes predicted by theory to those 
I, 
observed in the slurry removal process. Some important 
test parameters are given in Table 3.1. 
• 
., 
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4. VERIFICATION OF ROBERTS (1986) RESULTS 
The two initial tests, focusing on the fluidization 
phenomenon, are performed using the same apparatus and 
sand, and a similar test procedure as Roberts used in his 
1986 study. While these tests primarily provide 
• 
verification of Roberts (1986) results, they also provide 
familiarity with testing procedures and the overall 
apparatus. Test 1 and the first part of Test 2 are 
performed for a 25.4 cm initial bed depth, each test 
utilizing two pre-fluidization and two post-fluidization 
flow rates. In addition, other tests will provide 
~' 
·- ... -~ 
additional post-fluidization data. The data for hydraulic 
, 
head and geometry are recorded in a similar manner as 
Roberts (1986), and a direct comparison of results 
follows. The remaining part of Test 2 and subsequent 
tests involving slurry removal are pres~nted in Chapters 5 
and 6. 
4.1 Geomet~y of the Fluidized Region 
Once completely fluidized, there is a distinct 
interface between the suspended, or fluidized region, and 
the stable bed, or unfluidized region. To ·define this 
region geometrically, several parameters are measured (see 
Figure 4.1) including the top, middle and bottom widths, 
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and bed expansion. The goal is to relate these parameters 
to the hydraulic parameters, ··particularly flow rate and 
superfic·ial velocity. 
4.1.1 Flow Rate/Fluidized Region Width Relationships 
T 
Once equilibrium is reached for a given 
post-fluidization flow rate, data for three descriptive 
widths of the fluidized region are obtained. These widths 
are defined as follows: the top width (WT) is the 
horizontal distance between berm crests, the middle width 
(WM) is the width at one-half of the expansion bed depth, 
and the base width (W-8 ) is the distance along the base 
between the nearly vertical walls of the fluidized region 
boundary. The width data appear in Table 4.1 along with 
the respective flow rates. Additionally, Figures 4.2, 4.3 
and 4.5 were constructed using these data. 
These figures reinforce Roberts' findings that a 
linear relationship exists between flow rate and the 
·" 
respective base, middle and top widths of the fluidized 
region over the range of flow rates tested. Figures 4.2 
and 4. 3 show data···-from both the present study and Roberts 
(1986) for initial bed depths of 25.4 cm and 42.0 cm 
respectively (note that the best fit lina from linear 
regression is plotted for present study only). While 
,. 
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there is a slight difference in the slopes of the lines 
(mathematically described above each figure), both studies 
indicate a definite linear relationship. However, the top 
width data of the present study are consistently lower at 
each initial bed depths than those of Roberts • 
• 
It is speculated that the cause of this phenomenon is 
related to(·a surging problem that existed in Roberts 
\ 
study. Roberts used a setting tank with multiple 
compartments, and a separate head tank for the pump. This 
system did not always maintain a constant water level in 
the head tank, and consequently, the pump operated with a 
variable positive suction head at times. This may have 
caused instantaneous surges in flow rate, that would eject 
. 
extra material into the berms, and result in a width 
larger than,expected for the measured flow rate. This 
would also explain why Roberts found the expanded bed 
level to be slightly lower that the berm crests formed 
(see Figure 4.4). 
By combining the head and settling tank in the 
present study, no problems occurred in maintaining the 
head tank water level, as long as the pump intake screen 
was kept clean. Because the expanded bed level 
corresponds to the berm crest elevation in these tests, it 
~- . 
is believed that this problem was alleviated in the 
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present study. Also note that the present results provide 
a lower bound to Roberts' data, i.e. the points that match 
the existing data closely were probably the tests where 
little surging occurred in Roberts' tests. , 
'~ . ' 
The data for two initial bed depths from both studies 
are compiled into Figure 4.5. The results of linear 
regression of the data are also provided above the figure, 
including slope and intercept. Roberts found the average 
bottom width to be 36 percent of the average top width, 
and the average middle width to be 63 percent of the 
average top width. In the present study, the average 
bottom and middle widths are 42 and 63 percent of the 
average top width respectively. As expected the data 
again show good correlation and seem to confirm Roberts' 
suggestion that flow rate/width relationship is linear 
regardless of the initial bed depth for the range of flow 
rates studied. 
4.1.2 Bed Expansion and Fluidized Region Sand 
.concentration 
The bed expansion (LE) of the fluidized region is 
defined as the distance from the centerline of the 
fluidization pipe to the berm crest (see Figure 4.1). 
According to Amirtharajah (1970), for an ideal 
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one-dimensional uniformly distributed bed, there is a 
linear relationship between bed expansion and flow rate 
(see Figure 4.6). The non-linear relationship for Roberts' 
(1986) two-dimensional experiment is provided in Table 4.2 
and Figure 4.7. The data of the present study compare 
" 
very well except that, the expansion depths are 
consistently lower than Roberts, and, while Roberts' found 
that the relationship between bed expansion and flow rate 
is non-linear, the present data show a linear relationship 
for the range of flows tested. Roberts' data also show 
that the bed expansion levels off with increasing flow 
r} 
'4._\, 
rate. While there is insufficient data at high flow rates 
to make the same assertion for the present study, it is 
assumed that the same relationship would be observed. 
The average sand concentration in the fluidized 
-region (C) is defined as the mass of sand particles in the 
region divided by the total volume of the region. By 
knowing the porositi.es of the initial bed and of the 
berms, the geometry of the fluidized region, and the mass 
-density of the sand particles, the average sand 
,, 
concentration can be calculate,a (see Appendix B) • The 
data for this study are listed in Table 4.3, and are 
compared to Roberts' data in Figure 4.8. There is general 
U-~ 
agreement between the concentration/flow rate 
relationships, but there is some scatter. Despite this, 
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both curves display a similar inverse relationship between 
concentration and flow rate. 
According to Roberts, the relationships of bed 
expansion and average sand concentration versus flow rate 
' 
are directly related and may be explained by the same 
processes. Earlier in Section 4.1.1,_ it was shown that 
0 
greater flow rates are needed to produce significant 
changes in the fluidized region width. Roberts attributed 
the leveling off of the bed expansion versus flow rate to 
the fact that incremental increases in flow rate yield 
larger top widths. This larger top width corresponds to a 
larger top area of fluidized region; thus, the superficial 
velocity in the vertical direction (equal to flow rate 
divided by top area) decreases. As a result, less and 
less bed material can be expanded vertically. 
Concurrently, the reduction in the suspended bed material 
(concentration) may be attributed to the reduced / 
availabilty of newly eroded material for suspension at 
higher flow rates. Finally, as the flow rate is increased 
.more material leaves suspension and is added to the berms. 
These,. processes combine to reduce concentration as flow 
rate is increased. 
\.; 
' 
34 
,4.2 Hydraulic Head Distribution 
Roberts (1986) showed that, as the flow rate is 
increased, the pressure at any point increases in the 
fluidized region to a maximum at the initiation of /' 
1 
T 
fluidization, then drops dramatically before leveling off 
at higher flows. The data acquisition system allows for 
the continual monitoring of these pressures during 
testing. For this study, hydraulic head is referenced to 
the constant water level in the fluidization tank, and is 
thus virtually zerG throughout the water column. For a 
further discussion on this see Appendix C. 
4.2.1 Hydraulic Head Distribution Plots 
Using the data acquisition system, head data for 71 
pressure taps are obtained for each flow rate. From the 
point data, contours of hydraulic head (equipotential 
lines) are created using established contouring software 
(Golden Software, 1986). These head distribution plots 
·for Test 1 are provided in Figures 4.9a through 4.9d, 
corresponding to four different flow rates. In the first 
pre-fluidization flow rate (Q1 ) (Figure 4.9a), the 
equipotential lines form an elliptical shape in the 
immediate vicinity of the fluidization pipe. As the flow 
rate is increased, but still prior to initiation of 
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fluidization (Figure 4.9b), the equipotential lines 
increase in magnitude and areal influence. Once a 
post-fluidization flow rate is achieved (Figures 4.9c and 
4.9d), the equipotential lines are virtually horizontal in 
any (x-z) plane inside the fluidized region. Closer to the 
fluidized/unfluidized boundary, however, the equipotential 
lines begin curving downward toward the region interf~ce, 
and drop off dramatically in the unfluidized region. 
Roberts (1986) also used extensive probe measurements 
to verify that the head is constant in any (x-z) plane 
except in the immediate vicinity of the jets. Additional 
hydraulic head plots for the remaining tests are provided 
in Appendix D. 
4.2.2 Hydraulic Head/Flow Rate Relationships 
To demonstrate how the hydraulic head/flow rate 
relationship varies throughout the bed, several 
' 
representative pressure taps are reported. Taps 14 and 6 
.are on a horizontal line immediately adjacent to the 
fluidization pipe, while taps 59 and 67 are located 
vertically above taps 14 and 6 respectively. Refer to 
Figure 3.5 for tap numbers and locations. Hydraulic head 
data for these four pressure taps are presented in Table 
4.4, and plotted along with Roberts' data versus flow 
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rates for the 25.4 cm initial bed depth (Figures 4.10 and 
4.11) and the 42.0 cm initial bed depth (Figure 4.12). 
Roberts showed that distinct peaks occur in the 
hydraulic head at the point of incipient fluidization flow 
~ 
rate at tap 14 for both initial bed depths. Roberts 
attributed this to the fact that tap 14 is directly 
adjacent to the fluidization pipe and is exposed to 
extreme increases in hydraulic head as flow rate is 
correspondingly increased during pre-fluidization. 
Additionally, Roberts showed that the pre-fluidization 
relationship is linear until incipient fluidization, then 
the hydraulic head drops off considerably as the bed 
undergoes stabilization, and eventually levels off at 
i 
higher post-fluidization flow rates. 
\·, 
This study provided only a few additional data 
points, and when plotted along with Roberts' data show 
that the heads differ by approximately 1 cm. For taps 14 
and 59, where head values are maximum, this difference is 
.only a small percentage of the total value. However, for 
taps 6 and 67 which are located outside the fluidized 
region in the present tests, the magnitude of head is much 
less, and the 1 cm difference becomes a significant 
percentage of the total value. This discrepancy may be 
attributed to the variable reference datum Roberts used, 
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which varied as the water level in the fluidization tank 
varied with flow rate, and may have resulted in a 
calculation error of 1 cm. Although R6berts (1986) 
applied a correction factor, the 1 cm error appears to 
have occurred. 
• 
4.2.3 Hydraulic Gradient/Flow Rate Relationships 
The vertical hydraulic gradient,~~/~y, represents the 
change in hydraulic head in the vertical direction. As 
is stated in Roberts (1986), the theoretical critical 
hydraulic gradient necessary for fluidization is typically 
a value of 1.02 cm/cm for the sand tested. As taps 14 and 
59 are located in the ·zone where initiation of 
fluidization is likely to occur, these taps were used to 
calculate the vertical hydraulic gradient for this study. 
The results are provided in Table 4.5, and are plotted 
along with Roberts' data in Figures 4.13 and 4.14. 
Roberts' results show a linear relationship between 
-hydraulic gradient and flow rate for pre-fluidization, 
increasing to a peak at the critical hydraulic gradient, 
then dropping off considerably as the bed undergoes 
stabilizaflon at higher post-fluidization flow rates. 
While no data were taken near incipient conditions, the 
limited pre- and post-fluidization data match very well 
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• with Roberts' findings. The error in Roberts datum would 
have little or no impact on gradient calculations. 
4.2.4 The Boundary between the Fluidized and Unfluidized 0 
Regions 
The observed geometry of the fluidized/unfluidized 
region interface is similar to Roberts (1986). Figure 
4.15 (a) shows Roberts (1986) ·interface geometry and head 
distribution plot for a flow rate of Q = 650 ccs. The 
same procedure was performed for this study, and the 
resulting Figure 4.15 (b) presents a similar plot for a 
post-fluidization flow rate of Q = 665 ccs. 
The figures show similarities for the size and shape 
of the fluidized region, and hydraulic head values along 
the interface for the same initial bed conditions. 
Further figures, provided in Appendix D, show that the 
results were reproducible in additional tests. 
,I 
Roberts also measured the leakage across the 
interface of the region, and co~cluded that it was less 
than 5 percent of the total fluidization flow rate. For 
more details see R.oberts ( 1986) • 
-
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4.3 conclusions 
Overall, the tests performed reproduced the trends 
established by Roberts (1986) very well. However, there 
were several inconsistencies in the width and hydraulic 
• 
head data. These discrepancies are believed to be a 
' 
result of improvements to the experime~tal apparatus.for 
the present study. Specifically, the combined settling/ 
head tank reduces surging problems (allowing more accurate 
measurement of width data), and the adjustable weir 
maintains the background hydraulic head at a constant 
level (making hydraulic head calculations simpler). 
,. 
Consequently, the discrepancies represent improvements in 
the data for the present study. 
· There are several additional sources of error 
inherent in the experimental study that have an impact on 
results. These include degree of compaction in the 
initial bed, measurement of flow rate, utilization of the 
cross-section at the front glass panel ~s being a 
·representative section of the entire fluidized region, and 
• . the accuracy of the data acquisition system. Given the 
accuracy needed for practical applications, the errors in 
:r:£~roducing Roberts (1986) results are considered to be 
within tolerable limits. In conclusion, it is believed 
that the results not only show reasonable verification of 
40 
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Roberts' experiments, but also indicate that the results 
have been improved • 
. • 
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5. SLURRY REMOVAL TEST RESULTS & ANALYSES 
The main series of tests focus on slurry removal from 
the fluidized zone. The laboratory procedure of slurry 
removal simulates many aspects of a real coastal 
, 
environment application, where channel slope and/or tidal 
currents can provide a natural mechanism for moving the 
slurry. Thus the goals of the slurry removal tests are 
(i) to study the effects of parameters influencing the 
geometry of the resulting trench, and (ii) to determine if 
the rate of slurry removal.affects the final trench 
geometry. Tests are conducted with three initial bed 
depths, and the slurry removal method varies from 
incremental removal to continuous one-time removal, while 
a constant flow rate is maintained through the 
fluidization pipe. 
Once fluidization occurs and the fluidized slurry is 
remf:vea, the unfluidized sand slumps in, yielding a 
significant expansion in region width. The process of 
.slumping continues until the side slopes approach the 
subm~rged angle of repose for the material (see Figures 
5.la through 5.lf). It is this phenomenon that creates 
interest in the effectiveness of fluidization as a tool 
for coastal sand management, and makes slurry removal the 
primary focus of this experiment. 
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s.1 Geometry of the Fluidized Region, Poat-Slurry Removal 
Previous tests discussed in Chapter 4 showed a 
distinct relationship between width of the fluidized 
region and flow rate. To define the post-slurry removal 
' 
r~gion (trench), several parameters such as top and eroded 
widths, are measured. The goal is to relate these 
parameters to other hydraulic parameters, particularly 
flow rate and superficial velocity. 
s.1.1 Flow Rate/Fluidized Region Width Relationship 
After achieving equilibrium for a low post-
fluidization flow rate, the fluidized region slurry is 
removed via siphoning, and a new equilibrium condition is 
established. Data for two descriptive widths of the 
region are obtained: (i) the top width (WTR) is the 
horizontal distance at the maximum bed elevation (between 
t 
berm crests), and (ii) the eroded ~idth (WER) which is the~ 
horizontal distance of the region measured at the original 
·bed elevation. The width/flow rate data appear in Tables 
5.1, 5.2 and 5.3 for the initial bed de;pths of 25.4 cm, 
42.0 cm and 33.0 cm, respectively. In addition, Figures 
5.2 through 5.5 were constructed using these data . 
As was the case with test results for fluidization 
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width/flow rate relationships for pre-slurry removal, the 
post-slurry removal test results exhibit a sharp change in 
slope around flow rate Q = 575 ccs for 25.4 cm bed depth 
(Figure 5.2), and around Q = 800 ccs for the 42.0 cm bed 
depth (Figure 5.3). This slope transition is directly 
• 
attributed to an observed phenomenon of secondary berm 
formation at very high flow rates. These critical flow 
rates, corresponding to beginning of secondary berm 
formation, are herein termed threshold flow rates. For 
.. -. 
flow rates less than this threshold, slurry is removed and 
the original berms, formed during fluidized bed expansion, 
slump into the fluidized region, and are, in turn, removed 
I 
as slurry (compare Figure 5.la to 5.lc). The post-slurry 
removal equilibrium condition for these flow rates has no 
berms, and the maximum bed elevation is the original bed 
depth. 
However, for a flow rate above the threshold, there 
is enough momentum to begin eroding, entraining, and 
ejecting previously stable bed material above the initial 
.. 
·bed level forming a new (secondary) berm. For flow rates 
exceeding the threshold, equilibrium takes a relatively 
long time to occur (on the order of 1 hour), as more and 
more bed material is slowly eroded, lifted and deposited 
in the berm. The process continues until the ber1ns become 
high enough that the jets are no longer capable of 
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ejecting the material, and equilibrium is said to be 
reached. 
The observed formation of secondary berms may be 
greatly exaggerated by the two-dimensional nature of the 
• 
experiment. In the experiment, the siphon is positioned 
only in the fluidized zone, and any material deposited in 
a berm is stable. In a natural three-dimensional 
environment, the material eroded from the sides of the 
fluidized region may move with the natural currents along 
the longitudinal axis of the source pipe. Also the 
thresho~d flow rates are relatively high (10-20 times that 
required for initiation of fluidization) and may be beyond 
any optimum operating conditions. 
There are apparently only two methods for creating 
larger top widths: (i) use very large flow rates 
resulting in secondary berm formation, or (ii) set!' the 
fluidization pipe deeper. The seemingly more efficient 
method of creating a trench of a given top width would be 
.to bury the fluidization pipe at a greater depth. Thus, 
the threshold flow rate for secondary berm formation may 
be regarded as an upper limit of flow rate to be 
considered in real applications. 
Figure 5.4 shows a comparison of top widths for 
' 
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re-slurry, and post-slurry removal tests. • Prier to the 
threshold flow rate, the top width increases, as a direct 
result of slurry removal, more than 50 percent for the 
25.4 cm bed depth. As flow rates increase toward the 
threshold, however, the increase in top width due to 
slurry removal declines to around 40 percent. After the 
threshold flow rate, the percentage increase in top width 
rises dramatically to almost 100 percent. Even larger 
increases of up to 300 percent at low flow rates are also 
shown for the larger 42.0 cm initial bed depth. This 
result is particularly interesting as it indicates much 
larger increases in top width will result from slurry 
removal in practical applications where initial bed depths 
may exceed 3 meters. 
Also note that Roberts found that the initial bed 
depth did not influence top widths of the fluidized region 
in his pre-slurry removal study, as is indicated by the 
single line describing top widths for all bed depths 
versus flow rate. This is because the almost vertical 
·side wall angle that results in a fluidized region, when 
projected over the small range of bed depths tested, have 
~ little influence on the top width. However, it is 
expected that for large bed depths on the order of three 
meters, that the projection of the walls would indeed 
result in a noticeable influence on top width. For 
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post-slurry removal, however, the initial bed depth is the 
most important factor in determining top width, as two 
distinct curves are formed for 25.4 cm and 42.0 cm initial 
bed depths. This is an important finding as it indicates 
burying a pipe deeper into the channel will yield a more 
desirable increase in top width than would be achieved by 
just raising the flow rate. 
An additional point should be made regarding the 
scatter of top width data. This is attributed to the long 
time required to achieve equilibrium for flow rates 
exceeding the threshold. As a result, tests may not have 
reached true equilibrium when stopped, and if further berm 
formation was possible, the top width measurement recorded 
would be too low. Consequently, the eroded width was also 
recorded. This width is less dependent on final 
equilibrium, and ultimately provides data with a higher 
consistency. These data is plotted in Figure 5.5, and 
shows similar· results as for Figure 5.4 • 
• 
-s.1.2 Quantity of.Slurry Removed 
• 
As a method of experimental control, the weight of 
slurry removed and the final region volumes are recorded 
for each slurry removal test. These data are essential in 
assuring consistency in the siphoning method of slurry 
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removal. Additionally, the data allow for a direct 
comparison in assessing ~hether the method of slurry 
removal, continuous versus incremental, affects final 
equilibrium geometry. This check can be done by using two 
different methods to calculate the mass of slurry removed: 
• (i) calculation using the density, porosity and geometry, 
and (ii) direct measurement by a weighing scale used in 
data collection. Corresponding volume and mass of slurry 
removed data are presented in Table 5~4. 
The consistency of the data is evident in that the 
mass of slurry removed calculated by both methods differ 
by a factor that varies from 1.01 to 1.16 depending on the 
specific test. This error is attributed ,to converting wet 
slurry weight to dry sand weight, and that the final 
equilibrium shape was traced from the front glass panel of 
the apparatus which may not have been a totally 
representative cross-section. The consistency of the 
results also suggest that the values used in calculations 
of compacted (ec = 0.39) and loose (eL = 0.46) porosities 
I 
.of the material, are also acceptable within experimental 
error. 
J ' 
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5.2 Hydraulic Head Distribution, Poat-Slurry Removal 
In Chapter 4, the head distribution plots showed the 
large increase in hydraulic head as pressures build in the 
fluidized and unfluidized regions as flow rate increases 
9 (see Figures 4.9c and 4.9d). As slurry is removed, the 
hydraulic head decreases until becoming essentially zero 
once removal is complete (see Figures 5.6a through 5.6f, 
5. 7 a and 5. 7b) • The main focus 0
1
f this section is to 
compare two tests with approximately the same flow rate 
and examine' if there is a difference in hydraulic head 
distribution resulting from an incremental removal of 
slurry versus a one-time complete removal. Additionally, 
the variation of hydraulic head with depth of slurry is 
investigated. 
s.2.1 Hydraulic Head Distribution Plots 
In Test 2, a low post-fluidization flow rate of Q = 
312 ccs is established, and upon achieving equilibrium, 
' 
.head data is taken. Then, about twenty per~ent of the 
slurry is removed in each of five stages, each time 
allowing equilibrium to be established prior to data 
collection. Additionally; in Test 7, a similar flow rate 
• 
of Q = 322 ccs is established, and the fluidized region 
slurr~ is removed continuously, until the concentration is 
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approximately zero, and final region equilibrium is 
reached. The hydraulic head distribution plots for these 
tests are presented in Figures 5.6a through 5.6f, 5.7a and 
5 e 7b e I 
• First note that Figures 5.6a and 5.7a show excellent 
similarity for head distribution in the pre-slurry removal 
condition. Figures 5.6c through 5.6f show a continuing 
decrease in head associated with the removal of slurry. 
Finally, Figures 5.6f and 5.7b represent the equilibrium 
conditions of the two tests with complete slurry removal, 
and again show similarity. It is concluded that the method 
of slurry removal has no influence on the final 
equilibrium condition for steady state flows tested. 
s.2.2 Hydraulic Head/Depth of Slurry Relationships 
To examine how the head varies with depth of slurry, 
at a given tap while slurry is removed (at a constant flow 
rate through the fluidization pipe), tap numbers 12, 14, 
_and 142 are monitored. Recall that, as slurry is removed, 
the depth of slurry decreases (see Figured 5.la through 
5.lf). Taps 14 and 142 were chosen because they are 
within the vertical zone of influence of the dense slurry 
throughout the entire removal process; tap 12 was chosen 
because it lies just outslde·the region interface in the 
50 
unfluidized zone (see Figure 3.5). The flow rate, depth 
of slurry, and head data for three tests which utilized 
incremental removal, are presented in Table 5.5, and are 
plotted in Figure 5.8. 
• 
As is shown in Figure 5.8, the relationship between 
head and depth of slurry is quite linear. This is 
expected because, as slurry is removed, the total quantity 
of slurry, and consequently its total weight, is 
decreasing. Decreasing the amount of dense fluid would 
result in a decreasing hydraulic head, as is indicated by 
tap numbers 14 and 142. 
I • 
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6. JET SCOUR TEST RESULTS AND ANALYSES 
With slurry removed, the processes occurring can be 
described as scour by a two-dimensional jet. Most of the 
• 
existing research on local scour focuses on scour of media 
initially at the same bed elevation as the jet. For the 
phenomenon occurring in applications of post-fluidization 
slurry removal, the jets ar~ located below some initial 
bed depth. In order to investigate the influence of bed 
depth on scour hole geometry, a jet scour test is 
performed with an initial bed at the same elevation as the 
jets with the same bed material as used in previous slurry 
removal tests. 
) 
As flow is started, scour begins instantaneously and 
progresses at a rapid rate. Prior to achieving 
j 
equilibrium, the depth of scour increases, as does the 
width of the scour hole. Additionally, the outer side 
slope angle becomes steeper, tending toward the natural 
-angle of repose of the material,¢*. After a sufficient 
amount of time, approximately 15 to 20 minutes for the 
flow rates tested, the scour hole is no longer growing in 
depth or width, and equilibrium is assumed (see Figures 
6.la through 6.lf for equilibrium scour hole profiles for 
six different flow rates). This equilibrium condition 
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observed in the two-dimension~! jet scour test is very 
similar to the response observed in previous slurry 
removal tests (see Figures 6.2a through 6.2d for a 
comparison of slurry removal equilibrium for four 
different flow rates). 
6.1 Scour Hole Depth/Flow Rate Relationships 
The scour hole depth, s, defined as the vertical 
distance from the maximum scour hole depth to the 
centerline of the jet, is recorded when the scour hole 
reaches equilibrium. Scour depths for six indep;endent 
flow rates are presented in Table 6.1 for the 0.0 cm 
initial bed depth condition, along with scour depths from 
previous slurry removal tests for 25.4 cm and 42.0 cm bed 
depths. The data are also plotted in Figure 6.3. 
As shown in Figure 6.3, the scour depth increases 
with increasing flow rate for each initial bed depth. The 
influence of bed depth can be seen by the decrease in 
scour depth resulting from an increase in bed depth at the 
same flow rate. For example, at a flow rate of Q = 800 
ccs, the scour hole depths are 10.0 cm, 6.0 cm, and 4.0 
cm, for initial bed depths of o.o cm, 25.4 cm and 42.0 cm, 
respectively. Also note that the increase in scour depth 
with increasing flow rate is similar to the width/flow 
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rate relationship discussed in Chapter 5 (see Figure 5.4). 
Just as shown in Figure 5.4, there is a distinct 
transition in Figure 6.3 depicting the threshold for 
secondary-berm formation. 
• In a study of two-dimensional jet scour, Laursen 
(1952) found that equilibrium scour hole geometry could be 
represented simply by the scour hole depth, s, and the 
angle of repose of the material,¢*, (see Figure 6.4). 
Using this idea, the recorded scour depths from Table 6.1 
are used along with an average angle of repose, ¢* equal 
to 32 degrees, to predict eroded widths, for both the 25.4 
cm and 42.0 cm bed depths. These predicted widths, 
(WER>pred' are shown along the actual measured widths, 
(W ) in Table 6.2 and Figure 6.5. ER meas' 
As is shown in Figure 6.5, the predicted widths are 
consistently lower than their corresponding measured 
widths. The "cause of this discrepancy is readily seen by 
comparing the observed equilibrium profiles (Figures 6.1 
·and 6.2) to Laursen's conceptual model (Figure 6.4). 
While Laursen's model is accurate in that </J*is reached at 
the outer side of the scour hole, the observed angle at 
the inner side is much flatter than¢*. Since a smaller 
angle would increase the predicted width, using the 
observed angle would result in a much better approximation 
54 
for the preqicted widths. 
6.2 conclusions 
l . 
Laursen's conceptual model is a simple model for 
• describing scour hole geometry resulting from two-
dimensional jet scour. The failure of the conceptual 
model when compared to actual test results occurs because 
the inner side scour hole angle is much flatter than the 
angle of repose. This discrepancy could be attributed to 
a difference in jet configuration. Laursen used a slit, 
which may have yielded an expanding jet with higher 
velocity components in the vertical direction. The jets 
in the current study, 0.317 cm diameter orifices spaced 
5.08 cm on center, produce a very concentrated jet in the 
horizontal direction. Without any significant vertical 
velocity in the jet, it is reasonable that the resultant 
inner side scour hole angles are less than~*' as was 
observed. Hence, it is suggested that this model could ,be 
improved for the jet configuration used, by utilizing a 
·flatter interior scour angle. 
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7. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
7.1 summary and Conclusions 
The experimental research for this study was ~ 
performed utilizing a two-dimensional fluidization tank, 
with flow emanating through orifices opposed horizontally 
in a source pipe. The slurry formed during fluidization 
was then removed via a siphoning system, while the flow 
through the perforated pipe remained constant. Nine tests 
were performed for initial bed depths of 25.4, 33.0 and 
42.0 cm_respectively. One test for jet scour theory was 
conducted on a o.o cm bed depth. All tests were performed 
using the same bed material compacted in order that the 
sand parameters such as porosity and hydraulic 
conductivity were essentially the same. 
Observed data included hydraulic head data and 
geometry of the region cro~s-section. The head data was 
calculated from the data acquisition system, comprised of 
71 pressure taps located in the. back panel of the tank. 
Geometry data were taken directly from the front glass 
panel of the tank. The experimental method of slurry 
removal was controlled by checking the quantities of sand 
removed by two independent methods. 
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For pre-slurry removal tests, the observed data 
showed excellent verification of Roberts' (1986) study. 
Additional relationships for width, vertical expansion, 
and average sand concentration for both pre- and 
post-slurry removal tests were obtained, and show a strong 
dependence on flow rate. One set of jet scour tests were 
performed and compared to both a conceptual model, and to 
the related phenomenon of fluidization and slurry removal. 
Based upon the results of this study, the following 
specific conclusions are made: 
1. As Roberts (1986) showed, for increasing pre-
fluidization flow rates, the hydraulic head 
throughout the bed increases. Also the increase in 
hydraulic head is more significant for larger bed 
depths. The increase in head represents an 
increase in bed resistance at higher flows. This 
resulting increase in head extends mainly in the 
horizontal direction, but is also observed directly 
above the fluidization pipe. 
2. Once fluidized, the hydraulic head is constant in the 
fluidized region in the horizontal (xy_plane) for a 
given flow rate, and begins to decrease and become 
non-linearly oriented at the fluidized/unfluidized 
57 . 
region interface. 
3. The descriptive widths WT, WM, and WB, which define 
the geometry of the region, pre-slurry removal, are 
linear functions of flow rate for the range of 
• 
conditions tested. 
4. For a given flow rate, complete slurry removal 
results in a dramatic increase in the trench top 
width. The resultant gain in overall trench width, 
associated with slurry removal, increases 
significantly for larger bed depths. 
5. For increasing post-fluidization flow rates, prior to 
slurry removal, the vertical bed expansion increases 
non-linearly, and average sand concentration 
decreases non-linearly. This occurs as the 
increasing top width of slurry, corresponds to a 
lower superficial velocity, which is no longer able 
to support a higher concentration slurry. 
Additionally, eroded material is continually being 
ejected onto the berms, thereby tending to reduce the 
concentration in the fluidized region. 
6. For high post-~luidization flow rates, post-slurry 
removal, there is a threshold flow above which 
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secondary berm formation begins. This threshold flow 
rate increases with increasing bed depth, and results 
when jets have enough erosive power to erode and 
eject previously stable bed material into new berms. 
This phenomenon is believed to be exaggerated by the 
' two-dimensional apparatus used in this experiment. 
7. During post-slurry removal, for a constant flow rate 
entering the system, the hydraulic head in the 
fluidized zone varies linearry with the depth of 
slurry. 
7.2 Recommendations for Future Work 
The present study was limited to one bed material, 
and one fluidization pipe hole configuration. The next 
phase of research might focus on the effects of hole size, 
configuration, and spacing, as well as a coarser bed 
material, on final equilibrium post-slurry removal. 
Additionally, in order to provide data on the operational 
aspects of fluidization in the coastal environment, a test 
using variable flow rates could be performed. This test 
would use a high flow rate to initially fluidize the· 
region, then reduce the flow rate to avoid secondary berm 
formation, while slurry is removed. 
\ 
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While the experimental apparatus worked well for the 
tests, there are some improvements that can be made. 
First the data acquisition system should be automated via 
a data logger or a microcomputer analog/digital 
input/output circuit board. This hardware, along with 
• 
some basic software could be utilized to program the 
computer to sample all taps at a given time, and then 
transform the pressure transducer output directly into 
hydraulic head data for plotting of head contours. 
Additionally, there was an operational problem of clogging 
at the pump intake screen, at extremely high flow rates. 
A finer mesh screen, along with an additional settling 
compartment in the head/settling tank would alleviate that 
problem. Also, if a coarser bed material were used the 
problem would not be as likely to occur. 
• 
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TEST 
NO. 
1 
2 
' 
3 
4 
5 
6 
7 
8 
9 
10 
I 
\ 
INITIAL 
BED . 
DEPTH 
25.4 cm 
, 25.4 cm 
25.4 cm 
25.4 cm 
42.0 cm 
42.0 cm 
25.4 cm 
25.4 cm 
33.0 cm 
0.0 cm 
\ 
Table 3.1 Summary of Tests. 
NUMBER OF FLOW RATES TESTED INCLUDES COMMENTS 
PRE- POST- SLURRY 
FLUIDIZATION FLUIDIZATION REMOVAL 
2 2 
2 3 
3 
3 
6 
.- 8 
• 6 
5 
3 
6 
NO 
YES 
YES 
YES 
YES 
YES 
YES 
YES 
YES 
NO 
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VERIFICATION OF ROBERTS (1986) 
VARIED SLURRY?REMOVAL RATE FOR ONE Q 
ONE-TIME SLURRY REMOVAL FOR ALL Q 
VARIED SLURRY REMOVAL RATE FOR ONE Q 
C. 
VARIED SLURRY REMOVAL RATE FOR ONE Q 
ONE-TIME SLURRY REMOVAL FOR ALL Q 
VARIED SLURRY REMOVAL RATE FOR ONE Q 
ONE-TIME SLURRY REMOVAL FOR ALL Q 
ONE-TIME SLURRY REMOVAL FOR ALL Q 
JET SCOUR HOLE TEST 
.. ,,:,, 
' 
Table 4.1 Width data for pre-slurry removal. 
TEST FLOW 
NO. RATE 
Q (ccs) 
1 369 
2 
3 
4 
5 
6 
7 
8 
9 
665 
312 
295 
569 
454 
283 
422 
252 
383 
322 
234 
355 
249 
614 
INITIAL 
BED 
DEPTH 
25.4 
25.4 
25.4 
25.4 
25.4 
42.0 
42.0 
42.0 
42.0 
25.4 
25.4 
25.4 
33.0 
33.0 
TOP 
WIDTH 
WT (cm) 
59.6 
93.7 
50.7 
54.0 
86.8 
71.3 
54.6 
69.2 
50.0 
62.9 
51.3 
52.0 
58.5 
54.6 
94.6 
---- Indicates data not obtained 
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MIDDLE 
WIDTH 
WM (cm) 
38.( 
61.0 
33.5 
34.0 
56.1 
44.7 
30.5 
39.4 
-..---
37.3 
33.3 
26. 9 
34.3 
33.0 
61. 5 
BOTTOM 
WIDTH 
w8 (cm) 
27.3 
36.0 
24.5 
24.7 
33.0 
34.1 
21.6 
30.5 
17.2 
27.6 
24.1 
18.4 
27.4 
17.8 
43.2 
i ' 
Table 4.2 Bed expansion data for pre-slurry removal. 
TEST 
NO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
FLOW 
RATE 
Q (ccs) 
369 
665 
312 
295 
569 
454 
283 
422 
252 
383 
76 
322 
234 
355 
249 
614 
INITIAL 
BED ELEVATION 
L 0 (cm) 
64 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
42.0 
42.0 
42.0 
42.0 
25.4 
25.4 
25.4 
25.4 
33.0 
33.0 
. i 
EXPANDED 
BED ELEVATION 
LE (cm) 
31.8 
34.9 
30.7 
31.0 
33.3 
33.0 
47.6 
50.3 
47.0 
49.2 
27.4 
30.0 
30.7 
33.3 
40.4 
45.4 
Table 4.3 Concentration and top area of slurry region 
data, for pre-slurry removal. 
TEST 
NO. 
1 
2 
3 ) 
4 
5 
6 
7 
8 
9 
FLOW 
RATE 
Q (ccs) 
369 
665 
312 
295 
569 
454 
283 
422 
252 
383 
322 
234 
355 
249 
614 
, TOP 
WIDTH 
WT (cm) 
59.6 
93.7 
50.7 
54.0 
86.8 
71.3 
54.6 
69.2 
62.2 
62.9 
51.3 
52.0 
58.5 
54.6 
94.6 
TOP 
AREA2 
AT (cm) 
1817 
2947 
1545 
1646 
2645 
2173 
1664 
2109 
1895 
1917 
1564 
1585 
1783 
1664 
2883 
65 
SUPERFICIAL 
VELOCITY 
Q/A.r ( cm/s) 
0.203 
0.226 
0~202 
0.179 
0.215 
0.209 
0.170 
0. 200 
0.133 
0.200 
0.206 
0.148 
0.199 
0.150 
0.213 
J 
. 
AVG. SAND 
CONC. 
C (g/1) 
893 
787 
1089 
1148 
861 
865 
1028 
1070 
1045 
1059 
1075 
871 
753 
1066 
886 
,· 
Table 4.4 Hydraulic head and flow rate data for Taps 
6, 14, 59 and 67. Tests 1, 2 and 4 are for 
25.4 cm, and Tests 5 and 6 are for 42.0 cm 
Bed Depths. 
TEST 
NO. 
FLOW 
Q 
(ccs) 
TAP 6 
HEAD 
(cm) 
TAP 14 
HEAD 
(cm) 
TAP 59 
HEAD 
(cm) 
TAP 67 
HEAD 
(cm) 
1 
2 
4 
5 
6 
0.70 
12.1 
369 
665 
3.03 
10.8 
311 
454 
283 
422 
252 
0.29 
0.71 
2.43 
3.43 
0.14 
0.64 
. 2. 36 
3.14 
6.07 
( . ' ' 
7.07 
5.29 
66 
0.50 
6.64 
16.14 
15.99 
1.86 
5.43 
15.92 
17.00 
26.86 
27.86 
23.80 
0.21 
o.oo 
3.57 
4.50 
o.oo 
0.07 
3.29 
4.57 
13.64 
14.50 
10.85 
0.29 
0.14 
o.oo 
0.71 
0.00 
0.00 
0.07 
0.14 
1.57 
1.93 
1.14 
Table 4.5 Hydraulic gradient and flow rate data for 
Taps 14 and 59. Tests 1, 2 and 4 are for 
25.4 cm, and Tests 5 and 6 are for 42.0 cm 
Bed Depths. 
TEST 
NO. 
FLOW 
Q 
(ccs) 
TAP 14 
HEAD 
(cm) 
TAP 59 
HEAD 
(cm) · 
TAPS 14-59 GRADIENT 
HEAD 
1 
2 
4 
5 
6 
0.70 
12.1 
369 
665 
3.03 
10.8 
311 
454 
283 
422 
252 
0.50 
6.64 
16.14 
15.99 
1.86 
5.43 
15.92 
17.00 
26.86 
27.86 
23.80 
67 
0.21 
o.oo 
3.57 
4.50 
0.00 
0.07 
3.29 
4.57 
13.64 
14.50 
10.85 
(cm) (cm/cm) 
' 
0.29 
6.64 
12.57 
11.49 
1.86 
5.36 
12.67 
12.43 
13.22 
13.36 
12.95 
0.012 
0.290 
0.548 
0.498 
0.081 
0.234 
0.552 
0.544 
0.578 
0.589 
0.566 
• 
Table 5.1 Width data for 25.4 cm bed depth, 
post-slurry removal. 
TEST FLOW 
NO. RATE 
2 
3 
4 
7 
8 
.-.. 
Q (ccs) 
312 
558 
967 
295 
569 
963 
454 
589 
844 
322 
491 
662 
761 
923 
355 
493 
631 
843 
INITIAL 
BED 
DEPTH 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
68 
TOP 
WIDTH 
WTR (cm) 
108.7 
118.5 
251.0 
104.0 
113.0 
254.0 
117.2 
141.0 
219.7 
105.6 
111.8 
198.0 
219.9 
259.1 
102.5 
110.2 
136.5 
215.4 
ERODED 
WIDTH 
WER (cm) 
b 
• 
• 
103.0 
114.6 
181.8 
99.6 
109.0 
182.9 
117.2 
161.3 
105.6 
111.8 
153.0 
159.4 
174.6 
102.5 
110.2 
130.2 
164.0 
I 
Table 5.2 Width data for 42.0 cm bed depth, 
post-slurry removal. 
TEST FLOW 
NO. RATE 
5 
6 
Q (ccs) 
422 
649 
811 
928 
1094 
383 
530 
687 
781 
886 
982 
1162 
INITIAL 
BED 
DEPTH 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
TOP 
WIDTH 
WTR (cm) 
158.8 
165.1 
172.7 
209.0 
243.3 
155.6 
168.0 
174.6 
181.4 
204.7 
214.7 
231.8 
ERODED 
WIDTH 
WER (cm) 
' 158.8 
165.1 
172.7 
191.0 
210.3 
155.6 
168.0 
181.4 
193.3 
198.4 
208.3 
Table 5.3 Width data for 33.0 cm bed depth, 
post-slurry removal. 
TEST FLOW 
NO. RATE 
Q (ccs) 
9 614 
741 
INITIAL 
BED 
DEPTH 
33.0 
33.0 
69 
TOP 
WIDTH 
WTR (cm) 
·159.4 
222.3 
ERODED 
WIDTH 
WER (cm) 
142.9 
182.6 
Table 5.4 Volume and mass of slurry removed data. 
Tests 2, 3 and 8 are for 25.4 cm, Test 6 
for 42.0 cm, and Test 9 for 33.0 cm Bed 
Depths. 
TEST 
NO. 
(1) 
T2Q1R5 
T2Q2Rl 
T2Q3Rl 
T3Q1Rl 
VOLUME 
BERMS 3 
v8 (m) (2) 
o.o 
0.0 
0.0495 
0.0003 
T3Q2Rl 0.0002 
VOLUME 
ERODED3 
VE (m) 
(3) 
0.0480 
0.0595 
0.1255 
0.0503 
0.0554 
T3Q3Rl 0.0473 0.1268 
T6Q2Rl 0.0 0.1151 
T6Q3Rl 0.0 0.1323 
T6Q4Rl 0.0 0.1466 
T6Q5Rl 0.0 0.1558 
T6Q6Rl 0.0029 0.1688 
T6Q7Rl 0.0045 0.1784 
T6Q8Rl 0.0086 0.1901 
·T8Q2Rl 0.0 · 0.0473 
T8QJR1 0.0 0.0539 
T8Q4Rl 0.0017 0.0690 
T8Q5Rl 0.0316 0.0995 
T9Q2Rl 0.0 0.0960 
T9QJR1 0.0148 0.1282 
70 
CALC DRY 
MASS REM 
MC (kg) 
(4) 
77.4 
96.8 
138.1 
81.6 
89.8 
138.5 
188.6 
215.3 
238.5 
253.5 
270.5 
283.8 
297.0 
77.1 
87.8 
109.9 
116.4 
156.2 
185.1 
MEAS DRY 
MASS ,REM 
~ (kg) 
(5) 
70.4 
83.8 
118.5 
73.7 
78.3 
126.4 
167.3 
190.7 
206.6 
219.1 
238.0 
247.7 
263.8 
76.1 
84.3 
98.8 
109.3 
145.8 
182.0 
' ' 
RATIO 
MASS REM 
(4)/(5) 
(6) 
1.10 
1.15 
1.16 
1.10 
1.15 
1.10 
1.13 
1.13 
1.15 
1.16 
1.14 
1.15 
1.13 
1.01 
1.04 
1.11 
1.07 
1.07 
1.02 
-
.. 
Table 5.5 Hydraulic head and depth of slurry data for 
Taps 12, 14, and 142. Tests 2 and 4 are for 
25.4 cm, and Test 5 for 42.0 cm Bed Depths. 
TEST FLOW SLURRY DEPTH TAP 12 TAP 14 TAP 142 
NO. Q (ccs) DS (cm) HEAD (cm) HEAD (cm) HEAD (cm) 
T2Q1RO 
T2Q1Rl 
T2Q1R2 
T2Q1R3 
T2QlR4 
T2Q1R5 
T4Q1RO 
T4Q1Rl 
T4Q1R2 
T4QlR3 
T4Q1R4 
T5Q2RO 
T5Q2Rl 
T5Q2R2 
T5Q2RJ 
·T5Q2R4 
312 
312 
312 
312 
312 
312 
454 
454 
454 
454 
454 
422 
422 
422 
422 
422 
30.7 
23.4 
18.5 
10.7 
.. 5. 6 
0.0 
33.0 
26.1 
19.3 
10.9 
o.o 
50.3 
4-0. 6 
30.0 
21.8 
o.o 
71 
10.07 
7.43 
5.00 
2.64 
0.64 
0.21 
13.00 
9.50 
6.14 
2.64 
0.29 
20.79 
16.43 
10.71 
7.00 
0.29 
• 
15.93 
12.07 
8.86 
5.21 
1.50 
0.21 
17.00 
12.57 
8.50 
0.14 
27.86 
21.86 
15.07 
10.57 
0.36 
14.00 
10.71 
8.29 
5.29 
2.07 
0.57 
16.21 
12.50 
8.93 
4.50 
0.57 
25.21 
20.00 
14.00 
10.14 
1.00 
I 
Table 6.1 Scour "hole depth data for o.o cm, 25.4 cm 
and 42.0 cm bed depths. 
TEST 
NO. 
TlOQl 
TlOQ2 
TlOQ3 
TlOQ4 
TlOQ5 
TlOQ6 
T4QlR4 
T4Q2Rl 
T4Q3Rl 
T7Q3Rl 
T7Q4Rl 
T7Q5Rl 
T7Q6Rl 
T8Q3Rl 
T8Q4Rl 
T8Q5Rl 
T5Q3Rl 
T5Q4Rl 
T5Q5Rl 
T5Q6Rl 
T6Q3Rl 
T6Q4Rl 
T6Q5Rl 
T6Q6Rl 
T6Q7Rl 
T6Q8Rl 
-
') 
INITIAL 
BED 
DEPTH (cm) 
o.o 
o.o 
0.0 
0.0 
0.0 
o.o 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
FLOW 
RATE 
Q (ccs) 
131 
230 
330 
496 
730 
1066 
454 
589 
844 
491 
662 
761 
923 
493 
631 
843 
649 
811 
928 
1094 
530 
687 
781 
886 
982 
1162 
72 
1,;, 
SCOUR 
DEPTH 
0 8 (cm) 
1.27 
2.44 
2.74 
5.11 
7.60 
15.62 
1.27 
3.81 
5.84 
1.52 
6.10 
6.73 
10.41 
1.50 
3.30 
6.35 
1.57 
3.81 
4.76 
5.08 
1.40 
2.79 
3.18 
4.57 
4.83 
5.08 
/ 
SCOUR 
DEPTH 
LOG Ds (cm) 
0.1038 
0.3874 
0.4378 
0.7084 
0.8820 
1.1937 
0.1038 
0.5809 
0.7664 
0.1830 
0.7853 
0.8280 
1.0175 
0.1761 
0.5185 
0 .. 8357 
0.1972 
0.5809 
0.6776 
0.7059 
0.1452 
0.4456 
0.5024 
0.6599 
0.6839 
0.7059 
/ 
.. \' 
\ 
Table 6.2 Predicted eroded widths using Laursen's model. 
TEST 
NO. 
T4Q1R4 
T4Q2Rl 
T4Q3Rl 
T6Q4Rl 
T6Q6Rl 
T6Q7Rl 
T6Q8Rl 
T8Q3Rl 
T8Q4Rl 
T8Q5Rl 
INITIAL 
BED 
DEPTH (cm) 
25.4 
25.4 
25.4 
42.0 
42.0 
42.0 
42.0 
25.4 
25.4 
25.4 
ERODED WIDTH 
PREDICTED 
(WER>pred (cm) 
73 
93 
110 
123 
158 
170 
172 
174 
95 
107 
127 
ERODED WIDTH 
MEASURED 
(WER>meas (cm) 
• 117 
130 
161 
175 
193 
178 
208 
110 
130 
164 
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( f) 
Effect of Flow Rate on Final Equilibrium 
Profiles. Jet Scour Test Flow Rates: (a) Q = 131 ccs (b) Q = 230 ccs. 
(c) Q = 330 ccs (d) Q = 496 ccs 
(e) Q = 730 ccs (f) Q ~ 1066 ccs. 
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-C 
·w T 
X 
y 
z 
' 
t 
NOMENCLATURB 
= Top Area of Fluidized Region (Pre-Slurry 
Removal) 
= Top Area of Fluidized Region (During Slurry 
Removal) 
= Average Sand Concentration in the Fluidized 
Region 
= Expanded Bed Depth at Steady-State Q 
= Original Bed Depth 
·=Dry Sand Mass in the Berms 
- Dry Sand Mass in the Eroded Section 
- Dry Sand Mass in the Fluidized Zone 
= c_alculated Dry Sand Mass Removed 
= Measured Dry Sand Mass Removed 
,.> 
= Total Volume of the Berms 
= Total Volume of the Eroded Section 
- Total Volume of the Fluidized Zone 
= Base Width of the Fluidized Zone 
= Eroded Width of the Fluidized Zone (Pre-
Slurry Removal) 
= Eroded Width of the Fluidized Zone (Post-
Slurry Removal) 
= Top Width of the Fluidized Zone (Pre-Slurry 
Removal) 
= Eroded Width of the Fluidized Zone (Post-
Slurry Removal) 
= Coordinate in the x-direction (horizontal) 
= Coordinate in they-direction (vertical) 
= Coordinate in the z-direction 
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= Hydraulic Head 
= Hydraulic Gradient 
=-Compacted Void Ratio 
= Loose Void Ratio 
= Submerged Angle of Repose Sand 
= Dry Density of Sand 
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APPENDIX A: CALCULATION OF THB WET SLURRY/DRY SAND MASS 
RATI:O 
The mass of wet slurry removed is continuously 
monitored during testing by using a weighing scale. To 
find a conversion for the equivalent dry sand mass, five 
slurry samples were initially weighed and placed in a kiln 
for drying. The dried samples were then weighed, and a 
ratio of wet to dry mass could be calculatedo The results 
of this experiment are provided in Table Al below. 
SAMPLE 
NO. 
1 
2 
3 
4 
5 
Table Al. Calculation of Wet/Dry Mass Ratio 
WET MASS 
SAND (kg) 
0.844 
0.789 
0.760 
0.954 
0.903 
i . 
DRY MASS 
SAND (kg) 
0.644 
0.618 
\ 
0.582 
0.730 
0.692 
DRY/WET MASS 
RATIO 
0.763 
0.784 
0.766 
0.765 
0.766 
The ratios of dry to wet sand mass were then 
averaged, disregarding Sample 2 as it had an apparent 
error. The final average conversion factor becomes: 
120 
,· 
0.765 kg dry sand mass= 1.0 kg wet slurry mass 
t 
Now the same procedure was followed for a full scale 
test where slurry was siphoned from the fluidization tank 
into a 35-gallon drum. The slurry was then removed from 
• 
the drum in three batches, each placed on its own tray. 
The trays were then weighed before and after complete 
drying. The results of this test are provide in Table A2. 
Table A2. Check of Conversion Ratio for Full Scale 
Test. 
BATCH 
NO. 
WET MASS 
SAND (kg) 
DRY MASS 
SAND (kg) 
DRY/WET MASS 
RATIO 
1 
2 
3 
18.93 
18.48 
22.34 
13.85 
13.60 
18.02 
0.731 
0.736 
0.807 
Note that the conversion factor is not constant for 
the three batches indicating that the moisture content 
varies from top to bottom in the drum. However, it is the 
overall ratio that is important. The total wet mass is 
59.75 kg, and the total dry mass is 45.47 kg. This ratio 
yields a conversion factor: 
0.761 kg dry sand mass= 1.0 kg wet slurry mass 
121 
• 
• 
•I 
This factor is very close to the previous factor of 
0.761. Since the smaller samples were performed under 
more controlled conditions, that ratio is the one that 
will be used in all calculations for this study: 
• 
0.765 kg dry sand mass= 1.0 kg wet slurry mass. 
~-·· 
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APPENDIX B: CALCULATION OF AVERAGB SAND CONCENTRATION 
IN THE FLUIDIZED REGION 
The following variables will be used in the sample 
• 
calculation (see also Figure Bl): 
C = average sand concentration in the fluidized region. 
= compacted sand void ratio. 
= loose sand void ratio. 
= dry density of the sand. 
= volume of the berms. 
= volume of the eroded zone. 
= volume of the fluidized zone. 
= mass of sand in the berms. 
ME = mass of sand in the eroded zone. 
MF = mass of sand in the fluidized zone. 
The mass of sand that becomes eroded, originally 
occupied volume, VE' and had a void ratio of ec. This 
·sand is either ejected into berms or remains suspended in 
the fluidized region. Hence, the mass of sand in the 
eroded zone is: 
(eqn: B-1) 
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Figure Bl. Definition Sketch of Volumes Used in 
Average Sand Concentration Calculation. 
Model. 
I 
The mass of sand that is ejected into the berms occupies 
volume, v8 , and has a loose void ratio of eL. This mass 
is then: 
(eqn: B-2) 
.. 
The mass of sand remaining suspended in the fluidized 
region is the difference between the original mass of the 
eroded zone and that mass ejected into the berms: 
(eqn: B-3) 
Finally, the average sand concentration is the mass of 
sand in the fluidized region, MF, divided by the volume it 
• now occupies, v8 : 
C - MF I VF (eqn: B-4) 
Combining the above equations, and reducing them yields: 
C = 
pd [VE x {1-ec) - VB x (1-eL)] 
VF 
(eqn: · B-5) 
Sample Calculation for Test 1, Q = 369 ccs: 
• using: 
125 
.,. . 
ec - 0.39 
eL - 0.54 
2670 kg/m 3 pd ---
VE 0.02602 
3 
- m 
VB 0.00598 
3 
- m -
VF 0.03876 
3 
- m -
and substituting into equation B-5 yields: 
) 
\ 
2670 (0.02602(1-0.39) - 0.00598(1-0.54)] 
C = 
0.03876 
C = 871 kg/m3 or 871 g/1. 
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APPENDIX C: RBPBRENCING OP HYDRAULIC HBAD TO TBB WATER 
SURFACE 
Hydraulic head data is obtained at various points in 
• 
the fluidization tank by using a data acquisition system 
V 
I 
/ 
consisting of 71 pressure taps, a pressure transducer, and 
a digital multimeter. Using survey equipment, the 
elevations of the transducer and the water level in the 
fluidization tank were found as shown below: 
Water elev. 144.3 cm 
Water 
53.8 Level 
cm 
·' 
Pressure Fluid. 
90.5 Trans- Tank 
cm ducer 
{----------------
Floor elev. o.oo cm 
Figure Cl. Elevations of Pressure Transducer and 
Water Surface in Fluidization Tank. 
The water surface level was then marked in the tank 
and will always be maintained by adjusting an outfall weir 
during testing. The elevation of the pressure transducer 
will also always be at 90.50 cm throughout the experiment. 
The multimeter showed readings of 7.53 millivolts (mv) for 
all 71 pressure taps for this setup, and corresponds to 
_) 
~ the static head resulting from the elevation difference 
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·/ 
between the transducer and the water surface. 
It is desirable to make the background multimeter 
reading o.oo mv for hydraulic head calculations. To do 
so, either the elevation of the pressure transducer had to 
be raised to the exact elevation of the water surface, or 
the background value of 7.53 mv had to be subtracted from 
all subsequent tap readings prior to calculating hydraulic 
head in the experiment. The latter method was chosen for 
convenience and a sample calculation follows: 
Test 2, Q = 312 ccs (Pre-Slurry Removal) 
\ 
Tap 14 reading= 9.79 mv 
Subtracting the background value of 7.53 mv yields: 
corrected Tap 14 reading= 1.26 mv . 
Now, the corrected value is multiplied by the conversion 
·ratio of mv to centimeters (cm) head (see Clifford, 1989 
for the calibration of the pressure transducer): 
conversion ratio: 1.00 mv = 7.08 cm head 
yields: 1.26 mv x 7.08 cm/ mv = 8.92 cm head. 
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\ 
Tnus, the equivalent hydraulic head at Tap 14 is 8.92 cm, 
for a corresponding multimeter reading of 9.72 mv. 
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APPENDIX D: HYDRAULIC READ DISTRIBUTION PLOTS POR 
ADDITIONAL TESTS 
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Hydraulic Head Distribution for Test 1, 
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Hydraulic Head Distribution for Test 2, 
25.4 cm Bed Depth, Flow Rate Q = 312 ccs: 
(a) Pre-Slurry Removal (b) Post-Slurry 
Removal. 
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Hydraulic Head Distribution for Test 3, 
25.4 cm Bed Depth, Flow Rate Q = 569 ccs: (a) Pre-Slurry Removal (b) Post-Slurry 
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Hydraulic Head Distribution for Test 5, 
42.0 cm Bed Depth, Flow Rate Q = 422 ccs: 
(a) Pre-Slurry Removal (b) Post-Slurry 
Removal. 
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Hydraulic Head Distribution for Test a, 
25.4 cm Bed Depth, Flow Rate Q = 355 ccs: 
(a) Pre-Slurry Removal (b) Post-Slurry 
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